Triphenylmethane (TPM) dye is one of the most prevalent and recalcitrant water contaminants.
INTRODUCTION
Triphenylmethane (TPM) dyes, a group of extremely brilliant and intensely colored synthetic organics, are one of the most prevalent and important groups of synthetic dyes, which are extensively used in various industries including the textile, pharmaceutical, food, and cosmetic (Kroschwitz ) . TPM's presence at very low concentration (∼1 to 20 mg/L) in water is visible and affects water transparency, which in turn impairs photosynthesis of aquatic plants (Banat et al. ) . More seriously, TPM dye belongs to aromatic xenobiotic compounds, which are toxic to aquatic organisms and are considered to be potential mutagenesis and carcinogenesis agents to mammalian cells (Weisburger ; Srivastava et al. ; Yong & Zhong ) . The expanding use of TPM dye is alarming, because the release of these compounds into the environment may raise a high risk to the ecosystem and human health (Kim et al. ) . Therefore, development of efficient methods for TPM dye removal from the environment is of great interest and importance (Forgacs et al. ; Wu et al. ) .
TPM dyes are recalcitrant pollutants as they are highly stable towards biological or chemical treatments. Thus, adsorption is the most efficient and cost-effective method to remove/decolor the TPM dyes. Graphene, the newly discovered carbon material, has been used as a promising adsorbent towards various environmental contaminants (Schedin et In this study, the magnetic Fe 3 O 4 @rGO (reduced graphene oxide) nano-composite was synthesized by in situ chemical deposition of Fe 3 O 4 nanoparticles on the surface of graphene oxide (GO), and following reduction of GO to rGO by hydrazine hydrate. The as-prepared magnetic rGO showed high removal efficiency towards different TPM dyes. The adsorption performance of the magnetic rGO for typical TPM dyes was evaluated, and the kinetics and isotherm of this adsorption process were investigated in detail. This work suggested that Fe 3 O 4 @rGO adsorption could be a practical approach for decolorization and removal of TPM dyes from water.
METHODS

Materials
Graphite powder (<20 μm) was purchased from Sigma-Aldrich Co. (Munich, Germany). HNO 3 , H 2 SO 4 , KMnO 4 , H 2 O 2 , FeCl 2 , FeCl 3 and other chemicals were analytical grade and were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Distilled water or Milli-Q water (18 MΩ) was used for preparation of all solutions.
GO synthesis
GO was synthesized using the modified Hummers method (Wang et al. ; Yong et al. ) and described in detail in the Supporting Information (available online at http:// www.iwaponline.com/wst/070/427.pdf).
Preparation of Fe 3 O 4 @rGO composite and characterization
For magnetic graphene synthesis, Fe 3 O 4 nanoparticle was synthesized and assembled on the surface of rGO as described elsewhere (Chandra et al. ) . In a typical procedure, GO (0.7 g) was dispersed in 450 ml water by sonication for 1 h. Then, 25 ml FeCl 2 (0.4 mol/L) and FeCl 3 (0.8 mol/L) mixture solution was added dropwise to the GO solution at room temperature with stirring. Then the pH of this solution was adjusted to 10 by using 30% ammonia solution. The solution was heated at 90 W C and 10 ml of hydrazine hydrate (85%) was added with constant stirring for GO reduction to rGO. Then, the resulting magnetic rGO was washed with distilled water several times and collected by membrane filtration (0.45 μm) and magnetic separation. The as-prepared magnetic rGO was stored in distilled water or vacuum dried for characterization.
The structures of the materials were characterized with X-ray diffraction (XRD) patterns on a Bruker D8-Advance X-ray diffractometer with CuK α irradiation (λ ¼ 1.5418 Å). Fourier transform infrared spectra (FTIR) were recorded in KBr pellets with Thermo Nicolet NEXUS 670 FTIR. Measurement of Raman spectra were performed using a DXR Raman Microscope (Thermo scientific) with a 633 nm laser. The morphology of the materials was observed with field emission scanning electron microscopy (FESEM, JEOL, JSM-7001F). The element analysis of the magnetic rGO was performed with scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) system.
Dye adsorption
Batch adsorption experiments were conducted in a shaking incubator (30 W C, 200 rpm) (Fan et al. ) . Different volumes of magnetic rGO stock solution were mixed with 10 ml of TPM dye solution in a 50 ml glass flask and then shaken at 30 W C. For evaluation of the adsorption efficiency, the magnetic rGO was magnetically separated from the aqueous solution. The residual concentration of the dyes was determined by UV/Vis light spectrophotometer. The adsorption amount (Q e ) and adsorption ratio (E) were calculated via the following equations:
where, C 0 and C e are the initial and final concentrations of the dyes in the solution, V (ml) is the volume of the solution, W (mg) is the dry weight of the magnetic rGO.
For the recycling study, the magnetic rGO was separated from the dye solution after adsorption equilibrium was achieved by an external magnetic field; the supernatant was discarded. Then the dye-adsorbed magnetic rGO was washed three times with ethanol. The magnetic rGO was collected by centrifugation and reused for adsorption again.
RESULTS AND DISCUSSION
Characterization of magnetic rGO nanocomposite FESEM, EDS, FTIR, and Raman were performed to characterize the as-synthesized magnetic rGO. As shown in Figures 1(a) and 1(b), the nanoparticles (∼20 nm) nearly covered the surface of the rGO nanosheets. In addition, the EDS analysis (Figure 1(c) ) confirmed the existence of Fe, O, C elements in the magnetic rGO sample. Powder XRD was used to identify the crystalline component in the magnetic rGO. The peaks at different 2θ values are consistent with that of Fe 3 O 4 (JCPDS No. 75-0033), and a weak broad peak for reduced GO was observed (Figure 1(d) ). The results confirmed that Fe 3 O 4 particles were formed during the reaction, which is in good agreement with previous reports (Chandra et al. ; Yao et al. ) . FTIR and Raman spectrometry were further used to confirm the existence of graphene sheets and the transformation of GO to rGO. The FTIR spectrum of GO indicated the presence of the abundant oxygen-containing functional groups (Figure 1(e) ). In contrast, the magnetic rGO showed vanished oxygenated groups. The Raman spectra of GO and rGO showed clear featured D and G bands, while the ratio of the peak height I D /I G of the magnetic rGO increased significantly compared to that of the GO (Figure 1(f) ). These results indicated the reduction of GO to rGO. Furthermore, a clear Fe-O peak was observed in the FTIR spectrum of magnetic rGO, confirming the existence of Fe 3 O 4 nanoparticles on the rGO nanosheets. Moreover, the as-synthesized composites could be easily separated from water solution by using an external magnetic field ( Figure S1 ; available online at http://www.iwaponline.com/ wst/070/427.pdf). Thus, this evidence substantiated that the as-synthesized magnetic composites should be Fe 3 O 4 @rGO.
Decolorization and TPM dye removal performance of magnetic rGO
Four typical TPM dyes (crystal violet (CV), malachite green (MG), magenta red (MR), coomassie brilliant blue (CB)) were used to evaluate the decolorization performance of the magnetic rGO. As shown in Figure 2 , all these four TPM dyes could be efficiently adsorbed onto the magnetic rGO nanocomposites, which were easily separated from water by an external magnetic field. Upon removal of the TPM dyes by the magnetic rGO, the TPM contaminated water became clear. The decolorization efficiency achieved for all these four TPM dyes is above 80%. Impressively, this decolorization process occurred very fast, and reached its equilibrium within 10 min. The results implied that the magnetic rGO could have great potential in fast and costeffective TPM removal from the environment.
Adsorption kinetics
To understand this adsorption process in detail, the pseudofirst-order and pseudo-second-order kinetic models were applied to investigate the dynamics of the adsorption process. These kinetic models are expressed by the following equations:
where, Q t and Q e (mg/g) are the amount (mg) of TPM dye adsorbed per gram magnetic rGO at time t (min) and at equilibrium, K 1 is the pseudo-first-order rate constant (1/min), K 2 (g/mg/min) is the pseudo-second-order rate constant, respectively. The experimental adsorption processes are fitted with the pseudo-first-order (Figure 3(a) ) and pseudo-second-order equations (Figure 3(b) ).
The kinetic parameters and the correlation coefficient (R 2 ) are calculated based on Equations (3) and (4) ( Table 1) . For all the TPM dyes, the values of the correlation coefficient (R 2 ) for the pseudo-first-order equation are lower than that for the pseudo-second-order equation (in which the R 2 values are larger than 0.99). For example, for CV adsorption, the R 2 values for the pseudo-first-order and pseudo-second-order are 0.9988 and 0.9999, respectively. For CB adsorption, the R 2 values for the pseudo-first-order and pseudo-second-order are 0.9307 and 0.9968, respectively. In addition, the difference between the experimental (Q e,exp ) and the calculated (Q e,cal ) values of the equilibrium adsorption capacity is much larger in the pseudo-first-order fitting than that in the pseudo-second-order fitting. For example, for CV adsorption, the experimental equilibrium adsorption capacity (Q e,exp ) is 21.98 mg/g, while the calculated equilibrium adsorption capacity (Q e,cal ) with the pseudo-first-order and pseudo-second-order fitting are 21.68 mg/g and 21.83 mg/g, respectively. For CB adsorption, the experimental equilibrium adsorption capacity (Q e,exp ) is 30.30 mg/g, while the calculated equilibrium adsorption capacity (Q e,cal ) with the pseudo-first-order and pseudo-second-order fitting are 29.67 mg/g and 30.21 mg/g, respectively. These results indicated that the TPM dye adsorption onto the magnetic rGO followed the pseudosecond-order kinetic model rather than the pseudo-firstorder kinetic model.
Adsorption isotherms
The qualitative information on the capacity of the adsorbent and the interaction mechanism between the solute and the adsorbent were usually described by the adsorption isotherms. The experimental data of CV adsorption on magnetic rGO were fitted with Langmuir (Langmuir ) and Freundlich (Freundlich ) isotherm models described by the following equations:
where, Q e (mg/g) is the amount of CV (mg) adsorbed per gram (g) magnetic rGO, C e (mg/L) is the equilibrium concentration of CV, K L is the Langmuir constant related to the energy of adsorption, Q m is the Langmuir monolayer adsorption capacity (mg/g), K f is an indicative of the relative adsorption capacity of the magnetic rGO, and 1/n is the adsorption intensity (giving an indication of how favorable the adsorption process is). The experimental data of CV adsorption (Figure 4 ) onto magnetic rGO were fitted with the Langmuir (Equation (5)) and Freundlich (Equation (6)) models (Figure 4, insets Figure 4 ). For practical application, recycling and regeneration abilities which directly related to the cost should be taken into account. Thus, the reusability of the magnetic rGO was evaluated by using the adsorption-desorption experiment with CV as the model TPM dye. The adsorption capacity could be efficiently restored by ethanol desorption ( Figure S2 ; available online at http://www.iwaponline.com/ wst/070/427.pdf). After five cycles of adsorption-desorption, the removal efficiency only decreased from approximately 99 to 86%, which suggested the magnetic rGO could be efficiently regenerated by a simple step and implied its reusability in practical applications.
CONCLUSION
In summary, magnetic rGO composite was successfully synthesized and used as an efficient adsorbent towards removal of TPM dyes from aqueous solution. The adsorption process was well fitted to the pseudo-second-order kinetic model, and the adsorption isotherm was well simulated by the Langmuir isotherm model. This work substantiated that the magnetic rGO composite could be an efficient and cost-effective adsorbent for cleanup of the environment.
